Arterial stiffness affects cardiac functions, peripheral circulation, and cardiovascular mortality. We examined whether arterial stiffness in different regions is equally affected by diabetes and other factors. The subjects were 161 patients with type 2 diabetes and 129 healthy subjects comparable in age and sex. Arterial stiffness was evaluated by measuring pulse wave velocity (PWV) in the heart-carotid, heart-brachial, heart-femoral, and femoral-ankle segments using an automatic device. The diabetic patients had greater PWV than the healthy subjects in the four arterial regions, and the effect of diabetes on PWV was greater in the heart-carotid and heart-femoral segments (central) than in the heartbrachial and femoral-ankle regions (peripheral). PWV increased with age in the four arterial regions, and the effect of age on PWV was greater in the central than in peripheral arteries. In multiple regression analysis, age and systolic blood pressure had significant impacts on PWV of the four regions, whereas diabetes was significantly associated only with PWV of the central arteries. In contrast, sex was associated with PWV of the peripheral arteries. Thus, type 2 diabetes had greater impact on PWV of the central arteries, and different factors were involved in PWV among different arterial regions.
1
Arterial stiffness affects cardiac functions, peripheral circulation, and cardiovascular mortality. We examined whether arterial stiffness in different regions is equally affected by diabetes and other factors. The subjects were 161 patients with type 2 diabetes and 129 healthy subjects comparable in age and sex. Arterial stiffness was evaluated by measuring pulse wave velocity (PWV) in the heart-carotid, heart-brachial, heart-femoral, and femoral-ankle segments using an automatic device. The diabetic patients had greater PWV than the healthy subjects in the four arterial regions, and the effect of diabetes on PWV was greater in the heart-carotid and heart-femoral segments (central) than in the heartbrachial and femoral-ankle regions (peripheral). PWV increased with age in the four arterial regions, and the effect of age on PWV was greater in the central than in peripheral arteries. In multiple regression analysis, age and systolic blood pressure had significant impacts on PWV of the four regions, whereas diabetes was significantly associated only with PWV of the central arteries. In contrast, sex was associated with PWV of the peripheral arteries. Thus, type 2 diabetes had greater impact on PWV of the central arteries, and different factors were involved in PWV among different arterial regions. Diabetes 52:448 -452, 2003 A therosclerosis has two key components: thickening (atherosis) and stiffening (sclerosis) of arterial wall (1) . Intima-media thickness of carotid and other arteries has been used as a noninvasive index of atherosis, whereas pulse wave velocity (PWV) is one of the classical indexes of arterial stiffness. Aortic PWV is known to be associated with left ventricular hypertrophy (2) and increased pulse pressure (3) . Arterial stiffness has gained greater interest because of recent important observations that it is an independent predictor of cardiovascular mortality (4 -6) . In addition, our recent study (7) showed that stiffness index ␤ of femoral artery was closely associated with symptoms of lower limb peripheral artery disease independent of femoral artery intima-media thickness in those with type 2 diabetes. Another recent study by Suzuki et al. (8) demonstrated that brachial-ankle PWV correlated inversely with blood flow at the popliteal artery in patients with type 2 diabetes. Thus, arterial stiffness of different regions may have different roles in cardiovascular diseases.
So far, information is limited regarding risk factors involved in arterial stiffness in different regions. Although many studies describe that age and type 2 diabetes are significant factors that affect stiffness of aorta (9,10), carotid (11) , brachial (12), femoral (11) , and the lowerlimb (13) arteries, only a few studies examined the relative impact of age (14) and diabetes (15) on arterial stiffness of different arterial regions. Also, little is known about sexrelated difference in regional stiffness of arteries (16) . The purpose of the present study was to examine whether arterial stiffness in different segments of arteries is equally affected by diabetes and other factors.
RESEARCH DESIGN AND METHODS
Subjects. The subjects were 290 adults including 161 patients with type 2 diabetes and 129 healthy control subjects comparable in age and sex. All subjects were 40 years old or older. They gave informed consent to participate in the study. Table 1 gives characteristics of the subjects.
The healthy control subjects were recruited from participants of a local health check program at the Osaka Municipal Health Promotion Center. Exclusion criteria were fasting plasma glucose level Ͼ7.0 mmol/l (126 mg/dl); renal dysfunction defined as overt proteinuria and/or increased serum creatinine Ͼ133 mol/l (1.5 mg/dl); liver dysfunction defined as AST Ͼ50 IU/l; reduced ankle-brachial pressure index Ͻ0.9; current medication for diabetes, hypertension, and/or dyslipidemia; and history of myocardial infarction and/or cerebral infarction.
Diagnosis of diabetes was made according to the American Diabetes Association criteria (17) . We excluded those with type 1 diabetes who were positive for GAD antibody, who had a history of ketoacidosis, or who were dependent on insulin therapy for survival. Gestational diabetes and diabetes associated with a specific syndrome were carefully ruled out by their history. To avoid the effect of renal dysfunction and peripheral artery disease on arterial stiffness, we excluded those who had overt proteinuria and/or increased serum creatinine, Ͼ133 mol/l (1.5 mg/dl), and those who had a reduced ankle-brachial pressure index, Ͻ0.9. Antidiabetic treatment was insulin for control (n ϭ 23), sulfonylureas (n ϭ 72), ␣-glucosidase inhibitors (n ϭ 30), nateglinide (n ϭ 5), biguanides (n ϭ 3), thiazolidinediones (n ϭ 2), and life-style modification alone (n ϭ 54). Some patients received combined medications. Antihypertensive medications were calcium channel blockers (n ϭ 38); angiotensin-converting enzyme inhibitors (n ϭ 26); ␣, ␤, and ␣␤-blockers (n ϭ 9); angiotensin II receptor antagonists (n ϭ 3); and loop diuretics (n ϭ 1). History of ischemic heart disease, cerebrovascular disease, or both was present in 10, 10, and 3 patients, respectively. Also, deep tendon reflex was absent or reduced in 47 patients. PWV and blood pressure measurement. PWV and blood pressure were measured in the supine position after 5 min of bed rest using an automatic waveform analyzer (model BP-203RPE; Colin, Komaki, Japan). Pressure waveforms of the brachial and tibial arteries were recorded by an oscillometric method using the occlusion/sensing cuffs adapted to both arms and both ankles. Pressure waveforms of the carotid and femoral arteries were recorded using multielement tonometry sensors placed at the left carotid and the left femoral arteries. Electrocardiogram was monitored with electrodes placed to both wrists. Heart sounds S1 and S2 were detected by a microphone set on the left edge of the sternum at the third intercostal space.
The waveform analyzer measures time intervals between S2 and the notch of carotid pulse wave (Thc), between S2 and the notch of brachial pulse wave (Thb), between pulse waves of the carotid and femoral arteries (Tcf), and between pulse waves of the femoral and tibial (ankle) arteries (Tfa). The sum of Thc and Tcf gives the time for pulse waves to travel from the heart (aortic orifice) to the femoral artery (Thf). Also, the waveform analyzer estimates the path lengths of the heart-carotid (Dhc), the heart-brachial (Dhb), the heartfemoral (Dhf), and the femoral-ankle (Dfa) segments based on the height (HT, in centimeters) using the following formulas; Dhc ϭ 0.2437 ϫ HT Ϫ 18.999; Dhb ϭ 0.2195 ϫ HT Ϫ 2.0734; Dhf ϭ 0.5643 ϫ HT Ϫ 18.381; Dfa ϭ 0.2486 ϫ HT ϩ 30.709. PWV was calculated for each arterial segment as the path length divided by the corresponding time interval.
Reproducibility of the PWV measurement was evaluated by repeating measurements in 17 healthy subjects on two different occasions. The coefficients of variation were 6.0%, 3.3%, 4.9%, and 3.3% for hcPWV, hbPWV, hfPWV, and faPWV, respectively.
For evaluating the effect of age on PWV in the different arterial segments, regional PWV was standardized as percentage relative to the corresponding young adult mean level. The young adult mean obtained from 40 volunteers (21 men and 19 women) with a mean age of 27 years (22-39 years) was 542 cm/s for hcPWV, 666 cm/s for hfPWV, 495 cm/s for hbPWV, and 798 cm/s for faPWV. For evaluating the effect of diabetes independent of age on PWV in the different arterial segments, regional PWV was standardized as percentage relative to the age-adjusted reference value obtained from the healthy control subjects. Blood sampling and measurements. Blood was drawn in the morning after an overnight fast for at least 12 h. HbA 1c was measured by high-performance liquid chromatography, and plasma glucose was measured by a glucose oxidase method. Other measurements were done by routine laboratory methods. Statistics. Results were summarized as mean Ϯ SE. One-way ANOVA was used to assess difference in mean values between groups. Two-way ANOVA was used to evaluate effects of two categorical variables on one continuous variable. Also, two-way repeated measures ANOVA was applied to paired data. Multiple regression analysis was applied to assess independent associations between one dependent and two or more independent variables.
2 test was used for difference in prevalence. P Ͻ 0.05 was taken as statistically significant.
RESULTS
Effects of diabetes on PWV of the four arterial segments. Figure 1 shows age-stratified comparison of PWV in four arterial segments between the healthy and diabetic groups. PWV of the heart-femoral segment (hfPWV) increased in the presence of diabetes and with age, whereas no interaction was significant between the effects of diabetes and age. Similarly, the effects of diabetes and age on hcPWV, hbPWV, and faPWV all were significant, whereas no significant interaction was found between the effects of age and diabetes.
FIG. 1. Effects of age and diabetes on arterial stiffness in four different
regions. PWV was compared between the healthy subjects and the patients with type 2 diabetes in each decade of age. Open and shaded columns indicate the healthy subjects and the patients with type 2 diabetes, respectively. Mean ؎ SE. The effects of age and diabetes were evaluated by two-way ANOVA. hf, heart-femoral segment; hc, heartcarotid segment; hb, heart-brachial segment; fa, femoral-ankle segment. Different magnitude of influence of diabetes on regional PWV. We intended to examine the possible difference in the magnitude of effect of diabetes on PWV among the four arterial segments. For this purpose, we expressed regional PWV values of the diabetic patients as percentages relative to the corresponding mean value of the age-adjusted healthy subjects, and increases in such an index were compared among the four arterial regions. As shown in Fig. 2 , the increase in regional PWV among the patients with diabetes was significantly different among the four arterial segments. The effect of diabetes was smaller in the femoral-ankle and heart-brachial segments and greater in the heart-carotid and heart-femoral segments. Different magnitude of influence of age on regional PWV. Because absolute values of PWV were different among different regions of artery, it was difficult to compare directly the effects of age on PWV in different arterial segments. Therefore, we expressed regional PWV values as percentages relative to the corresponding young adult mean level and compared them among the four arterial segments. Fig. 3 shows such an index of regional PWV plotted against age. In the healthy subjects, the magnitude of association with age was not the same among the four regions. It was much greater in hcPWV and hfPWV than in hbPWV and faPWV. The effects of age and arterial regions on the standardized PWV both were significant by two-way ANOVA. Also, the effect of age was significantly different among the arterial segments as indicated by the presence of significant interaction between the effects of age and arterial regions. The same was true for the effects of age and arterial segments on regional PWV in patients with type 2 diabetes. Independent factors that affect regional PWV. Factors associated with PWV in the four arterial segments were evaluated by multiple regression models, including age, sex, smoking, blood pressure, lipids, and presence of diabetes as covariables (Table 2) . Age and systolic blood pressure were significant factors associated with increased PWV in the four arterial segments. The effect of diabetes on PWV was significant only in the heart-femoral and the heart-carotid segments. In contrast, the effect of male sex on PWV was significant only in the heart-brachial and the femoral-ankle regions. These models explained 29.0 -47.4% of variance in regional PWV of the four arterial segments. The preferential association of diabetes with stiffness of the central arteries remained significant after further adjustment for serum creatinine, BMI, diastolic blood pressure, peripheral neuropathy (absence/reduction of deep tendon reflex), history of ischemic heart disease and/or cerebrovascular disease, and the number of antihypertensive medications (data not shown).
DISCUSSION
In the present study, we measured regional PWV in four segments of arteries in healthy subjects and patients with type 2 diabetes to examine whether arterial stiffness of the different regions was equally affected by diabetes and other factors. The effects of diabetes and age were greater in the heart-carotid PWV and the heart-femoral PWV than in the heart-brachial and the femoral-ankle PWV. In contrast, male sex was significantly associated with the heartbrachial and the femoral-ankle PWV but not with the heart-carotid or the heart-femoral PWV. Age and systolic blood pressure were significant factors associated with PWV of all four arterial segments. These results indicate that type 2 diabetes has different impacts on stiffness of the central and peripheral arteries and that regional PWV is affected differently by various factors. As compared with healthy subjects, patients with type 2 diabetes have increased arterial stiffness in the aorta (9, 10) and the carotid (11), brachial (12), femoral (11) , and lower-limb (13) arteries. However, little is known about the effect of diabetes on regional arterial stiffness. According to Scarpello et al. (15), patients with diabetes had increased PWV in the lower-limb arteries but not in the upper-limb arteries. In our study, the effects of diabetes on the heart-brachial PWV and the femoral-ankle PWV were significant in the age-stratified comparison. However, the effect of diabetes on peripheral arterial stiffness was only modest, and the presence of diabetes was not a significant factor associated with PWV of the peripheral arteries after adjustment for other confounding variables. More important, the effect of diabetes on PWV was much greater in the heart-femoral and heart-carotid segments, and presence of diabetes was a significant and independent factor associated with increased PWV of these regions. These results demonstrate for the first time that type 2 diabetes has more preferential association with increased PWV of the central over peripheral arteries.
We also found the preferential stiffening of the central over peripheral arteries with age. Avolio et al. (14) examined correlation between age and PWV of the aorta and arteries in the upper and lower extremities among 480 Chinese people and compared the slopes of the regression lines. The slope was the greatest for the aortic PWV, smallest for the upper-limb arteries, and intermediate for the lower-limb arteries. Another study by Benetos et al. (18) found that the effect of age on distensibility was significant in the carotid but not in femoral arteries among 78 untreated normotensive and hypertensive subjects. These results are in good agreement with our data suggesting that the effect of age was greater in the central than the peripheral arteries. Our study extended the findings by measuring PWV of the four different arterial segments simultaneously, by showing the same observation in the presence and the absence of type 2 diabetes, and by adjusting for other confounding variables using multivariate models.
With regard to sex-related difference in PWV, we found that male sex was a significant and independent factor associated with increased PWV of the femoral-ankle and heart-brachial segments, whereas sex was not associated with the heart-femoral or heart-carotid PWV. Similarly, London et al. (16) reported that carotid-radial PWV and femoral-tibial PWV both were lower in premenopausal women than in age-matched men, whereas carotid-femoral PWV was not different between men and women. In addition, no difference was found in aortic PWV (19, 20) or carotid artery augmentation index (20) between postmenopausal women with and without hormone replacement therapy (HRT). It is interesting that withdrawal of HRT increases PWV in the femoral-dorsalis pedis region but not in the aorto-femoral regions (21) . Taken together, these studies indicate the sex-related difference and the effect of HRT in arterial stiffness occur preferentially in the peripheral rather than in the central arteries.
The mechanisms by which the influence of these factors on arterial stiffness varies among different arterial regions are not fully understood. Advanced glycation end products (AGE) are deposited on aortic extracellular matrices (22) . Aortic AGE content correlates with stiffness of human (23) and rat (22) aorta. The degree of aortic tissue glycation increases with age and in patients with diabetes (24) . In animal experiments, age-related increase in aortic wall stiffness was prevented by treatment with aminoguanidine, an inhibitor of AGE formation (25) . Also, an AGE cross-link breaker reduced the stiffness of aorta but not systemic arterial resistance (26) . Taken together, these studies raise a possibility that AGE are involved in the preferential stiffening of the central (elastic) over peripheral (muscular) arteries as a result of aging and diabetes. In contrast, Shige et al. (27) found that cholesterol-lowering with simvastatin was associated with reduced PWV in the femoral-tibial region but not in the aorto-femoral segment. Because both statins and HRT improve endothelium-dependent vasodilation (28) , stiffness of peripheral arteries may be more strongly controlled by the endothelium-dependent mechanism than that of central arteries.
In conclusion, the present study showed that type 2 diabetes has different impacts on stiffness of the central and peripheral arteries and that different factors are involved in PWV among different arterial regions. Additional studies are needed to confirm the results in other ethnic groups and to elucidate the mechanisms and clinical implications of regional arterial stiffness in health and disease. 
